Abstract Several coccolithophore species are known to exhibit heteromorphic life cycles. In certain species, notably Emiliania huxleyi, the heterococcolithbearing phase alternates with a non-calcifying stage, whereas in others the heterococcolith-bearing phase alternates with a holococcolith-bearing phase. Heterococcolithophore-holococcolithophore life cycles have previously been observed for only one species in culture, but have also been inferred from an increasing number of observations of combination coccospheres. 18S rDNA sequences from pure cultures of both the heterococcolith-bearing and holococcolith-bearing phases of Coccolithus pelagicus were identical, providing an additional indication of their identity as different life cycle stages of the same species. Flow cytometric analyses have been undertaken on SybrGreen-stained nuclei isolated from pure cultures of the two phases of four coccolithophore species (Coccolithus pelagicus, Calcidiscus leptoporus, Coronosphaera mediterranea and Emiliania huxleyi) in order to determine relative DNA content. Results confirm the hypothesis that holococcolithophoreheterococcolithophore life cycles are haplo-diploid in nature. Light microscope observations of the processes of sexual fusion and meiosis are reported for two of the experimental species. The results are discussed in the context of the evolution of biomineralization in the coccolithophores and the possible ubiquity of haplo-diploidy in the haptophytes.
Introduction
Marine phytoplankton are responsible for approximately 40% of global primary production and carbon fixation (Field et al., 1998) , but our knowledge of their ecology and natural history is remarkably imperfect. A prime example of this in the coccolithophores (division Haptophyta) is that life cycles have been documented from only very few species, resulting in considerable uncertainty as to the general pattern. Here we present critical new observations on a phylogenetically diverse set of coccolithophore species allowing definitive conclusions to be drawn.
Heteromorphic life histories have been documented in several members of the haptophyte class Prymnesiophyceae Hibberd, a group which includes both non-calcifying and cal-* Corresponding author. Email: houdan@ibfa.unicaen.fr cifying members (the latter being the coccolithophores). These life histories include alternations between non-motile and flagellated stages, between colonial and single cell stages, and between benthic and planktonic stages. In eukaryotes, the extent of the vegetative phase (the number of mitotic divisions) between the two events of sexual reproduction, meiosis and syngamy, defines three different kinds of life cycle: haploid, diploid and haplo-diploid with alternation of generations ( Fig. 1) . Reviewing the available data, Billard (1994) suggested that haptophyte life cycles typically include haploid and diploid phases, each capable of independent asexual reproduction (haplo-diploidy), with distinct patterns of scale ornamentation characteristic of each ploidy state (N.B. members of the class Prymnesiophyceae are typically covered by two layers of scales: an inner layer of organic 'body scales' and an outer layer of organic scales on which calcification occurs in the coccolithophores). This life cycle type would differ from that where N and 2N represent relative ploidy levels (after Valéro et al., 1992) .
of the two other main marine phytoplankton groups, the diatoms and the dinoflagellates, which have diploid and haploid life cycles respectively.
In haptophyte life cycles the morphological difference between life stages may be minor, as is the case, for example, for Chrysochromulina polylepis Manton & Parke in which the two non-calcifying motile cell types are distinguished only by slight differences in the ornamentation of the organic scales covering the cells (Paasche et al., 1990 ). In the coccolithophores, different life stages are typically more clearly differentiated. In some species cells bearing heterococcoliths, mineralized scales formed of a radial array of complex calcite crystal units of variable shape, have been shown to alternate with non-calcifying stages within their life cycle. In a few cases chromosome counting or DNA quantification by flow cytometry has confirmed the haplo-diploid nature of these cycles: Pleurochrysis carterae (Braarud & Fagerland) Christensen (Rayns, 1962) , Hymenomonas lacuna Pienaar (Fresnel, 1994) , Emiliania huxleyi (Lohmann) Hay & Mohler (Green et al., 1996) . Culture studies by Parke & Adams (1960) 
on the heterococcolith-bearing stage of Coccolithus pelagicus (Wallich) Schiller demonstrated an alternation with
Crystallolithus hyalinus Gaarder & Markali, a motile stage bearing holococcoliths, scales adorned with numerous regularly packed identical minute euhedral crystallites. Prior to this observation, heterococcolithophores and holococcolithophores had been considered as discrete groups of species. In recent years an increasing number of 'combination coccospheres' bearing both heterococcoliths and holococcoliths, interpreted as capturing the instant of a life cycle phase change, have been documented in field samples from various locations (Thomsen et al., 1991; Kleijne, 1992; Alcober & Jordan, 1997; Young et al., 1998; Cros et al., 2000; Cortés & Bollmann, 2002; Geisen et al., 2002 , Cros & Fortuño, 2002 . These observations indicate that life cycles with alternating heterococcolithbearing and holococcolith-bearing stages span a large part of the biodiversity of coccolithophores. Relative ploidy state was never confirmed for the two phases of C. pelagicus in culture, but Billard (1994) predicted that the heterococcolithbearing phase may be diploid and the holococcolith-bearing phase haploid by likening the patterns of body scale ornamentation in the known haplo-diploid life cycles of species in the Pleurochrysidaceae and Hymenomonadaceae with those in the life cycle of C. pelagicus as illustrated by Manton & Leedale (1969) . In this scheme, the body scales of the diploid heterococcolith-bearing cells have identical ornamentation on both sides, whereas those of the haploid stage have distinct patterns on the proximal and distal faces. A number of other coccolithophores for which body scales have been illustrated in one phase only fit this pattern, including the heterococcolithophores Syracosphaera pulchra Lohmann (Inouye & Pienaar, 1988) , Umbilicosphaera hulburtiana Gaarder (Gaarder, 1970) and Jomonlithus littoralis Inouye & Chihara (Inouye & Chihara, 1983) , and the holococcolithophores Calyptrosphaera sphaeroidea Schiller (Klaveness, 1973) and Calyptrosphaera radiata Sym & Kawachi (Sym & Kawachi, 2000) . The hypothesis of Billard (1994) can therefore be extended to members of those coccolithophore families for which heterococcolithophore-holococcolithophore combinations have been observed or are suspected.
It should be noted that in haptophyte life cycles the existence and place of sexuality, if applicable, often remains unknown (Billard, 1994) . In the coccolithophores, sexuality has been revealed by direct observation of syngamy in only two species, Ochrosphaera neapolitana Schussnig (Schwarz, 1932) and Pleurochrysis pseudoroscoffensis Gayral & Fresnel (Gayral & Fresnel, 1983) , both of which have a life cycle in which the heterococcolith-bearing phase alternates with a non-calcifying benthic phase.
Knowledge of the biology and biodiversity of coccolithophores has historically been limited by the relative paucity of laboratory cultures of members of this group. As part of the CODENET (Coccolithophore Evolutionary Diversity and Ecology Network) project (1998) (1999) (2000) (2001) , an extensive and phylogenetically diverse collection of cultures of coccolithophores was developed. Within this collection, the clonal cultures of a number of species, all initially isolated in the heterococcolithbearing phase, have undergone life cycle phase changes. Several of these cases involve alternation with a holococcolithbearing phase, including Coccolithus pelagicus and two which can be differentiated on the basis of coccolith size (Baumann et al., 2000; Cachao & Moita, 2000; Sáez et al., 2003) . The cultures of Parke & Adams (1960) were of the 'large' temperate form (ssp. braarudii), and in fact it is the 'small' Arctic form (ssp. pelagicus) which alternates with Crystallolithus hyalinus (Geisen et al., 2002) . Calcidiscus leptoporus is a similar case to Coccolithus pelagicus, but this time with three subspecies (or species) differentiated in the heterococcolith-bearing phase on the basis of coccolith size and minor morphological differences (Kleijne, 1991; Knappertsbusch et al., 1997) . Coronosphaera mediterranea also includes more than one species, in this case truly cryptic, i.e. morphological differentiation is not possible in the heterococcolith-bearing stage (Geisen et al., 2002) . * * The discovery that heterococcolithophores and holococcolithophores are part of a single species in different phases of the life cycle does not invalidate traditional coccolithophore taxonomy which was established using the morphological characters of the coccoliths, but it does lead to nomenclatural problems. Once such associations are established, a single scientific name should be adopted for all phases following the normal rules of botanical nomenclature, with informal terminology used to indicate the phase observed when appropriate. For clarity, here we give the original 'species' names for the relevant holococcolithophore phases. Green et al., 1996; Edvardsen & Vaulot, 1996; Veldhuis et al., 1997) . Flow cytometric DNA analysis has therefore been applied to these cultures in order to assess the hypothesis that heterococcolithophore-holococcolithophore life cycles are haplo-diploid in nature.
Materials and methods

Cultures and standard culture conditions
Culture details are listed in Table 1 . All original (non-axenic) cultures employed in this study were clonal, one cell in the heterococcolithophore stage being isolated from mixed samples with a micropipette. Following phase changes, one cell of each phase was isolated using the same method. The stock cultures were maintained in sterile single-use polystyrene culture flasks (Iwaki) in filter-sterilized enriched seawater K/5 medium (Keller et al., 1987) at 17
• C with daylight fluorescent tubes providing an irradiance level of 50-70 µEm −2 s −1 with a photoperiod of 16L:8D.
Observations
Light microscope observations were conducted with an Olympus BX50 microscope equipped with phase contrast and differential interference optics. For fluorescence microscopy, samples were concentrated by gentle centrifugation, fixed for one hour with paraformaldehyde (2%) in phosphate buffered saline (PBS) with 5% NaCl, rinsed in PBS and stained with DAPI (5 µg/ml). Preparations were viewed with a Zeiss standard LAB 16 epi-fluorescence microscope. For scanning electron microscopy, drops of cell suspension concentrated on Isopore filters (Millipore) were coated with 20 nm of gold/palladium (95:5%) and viewed with a Philips XL30 Field Emission SEM. In order to observe the non-mineralized body scales of the two phases of Coccolithus pelagicus, a drop of cell suspension was micropipetted on to a formvar grid which was left to dry and then rinsed three times with distilled water. The grids were shadow coated with gold/palladium at an angle of 20 to 30
• . These preparations were viewed with a Siemens 102 transmission electron microscope.
Flow cytometry
All cultures were checked by optical microscopy immediately prior to harvesting. Pure cultures of each phase were harvested at the same time in the photoperiod (6 h into the L phase) in the logarithmic stage of growth. Ploidy level was determined by flow cytometry on isolated nuclei which were released by diluting algal cell suspensions at least 10 fold in nuclei isolation buffer (NIB) with the following composition: 30 mM MgCl 2 , 120 mM trisodium citrate, 120 mM sorbitol, 55 mM Hepes, 5 mM EDTA, Triton X-100 0.1% (pH 7.0). Sodium bisulphite was subsequently added at a final concentration of 5 mM. The NIB was prepared immediately prior to use. In order to calibrate the analyses, two relatively small microalgal species, Micromonas pusilla (Prasinophyceae) and Isochrysis galbana (Prymnesiophyceae), were added as internal references (Marie et al., 2000) . Samples were stained with SybrGreen I (Molecular Probes, S-7567) at a final dilution of 1:5000, and incubated for 10 minutes at room temperature. Analyses were conducted using a FACSort flow cytometer (Becton Dickinson, San José, California, USA) equipped with a 15 mW argon ion laser emitting at 488 nm and the standard filter set. Isolated nuclei were discriminated from cell debris on the Side Scatter versus SybrGreen fluorescence distribution.
Data were collected as listmode files and results were computed using the free software CytoWin (Vaulot, 1989) . The stability of the flow cytometric analyses was monitored by calculating the ratio of the mean fluorescence of the two internal references, I. galbana (Ig) and M. pusilla (M). For standardization of the results from each of the experimental cultures, the mean of the distribution of fluorescence of the main peak of nuclei was compared to that of the internal reference Ig.
18S rDNA sequences
Cells from pure cultures of the holococcolith-bearing and the heterococcolith-bearing forms of Coccolithus pelagicus (strains LK1 and KL2, respectively) were harvested during the logarithmic phase of growth by centrifugation for 5 minutes at 3000 rpm. The pellets were resuspended in 1 ml of 100 mM Tris pH 8.0, 100 mM NaCl and 50 mM Na 2 EDTA 2H 2 O, immediately frozen by immersion in liquid nitrogen, and stored at −80
• C until processing. DNA extraction, amplification and sequencing were as described by Sáez et al. (2003) .
Results
Morphology of experimental species
The morphology of the cell covering of both phases of the four experimental species is illustrated in Fig. 2 Table 2 Relative DNA levels (arbitrary units) in the experimental cultures determined by flow cytometry on isolated nuclei.
alternates with a non-calcifying (organic scale-bearing) stage. Of these four species only C. mediterranea possesses flagella in the heterococcolith-bearing phase, whereas all alternate phases (holococcolith-bearing or non-calcifying) are motile. For taxonomic notes refer to Table 1 .
18S rDNA sequences
The 18S rDNA sequence from strain LK1, a pure culture of Crystallolithus braarudii (the holococcolith-bearing phase of Coccolithus pelagicus, see taxonomic notes to Table 1 ) was identical to a published sequence of the same gene from the heterococcolith-bearing C. pelagicus strain PLY182g (Genebank Acc. No. AJ246261; Edvardsen et al. 2000) , providing an indication that they belong to the same species. To confirm this result we also sequenced 18S rDNA from another heterococcolith-bearing strain of C. pelagicus (KL2), which had the exact same sequence with no ambiguities.
Flow cytometry
The ratio of the mean fluorescence of nuclei of Emiliania huxleyi (strain TQ26) cultures containing only the non-calcifying S-cell flagellate stage ( (Table 2 ). For Calcidiscus leptoporus heterococcolith-bearing phase (Fig. 3F) , as well as for Coronosphaera mediterranea holococcolith-and heterococcolith-bearing phase (Figs 3G and 3H) an important secondary peak of nuclei with a higher DNA content was present.
Prior to flow cytometric analyses, DAPI staining of nuclei in each phase of C. pelagicus provided the first qualitative evidence for the presence of two ploidy levels ( Fig. 4a-d) .
Observations of sexual reproduction in Coccolithus pelagicus and Coronosphaera mediterranea
The phase changes involved in the life cycles of coccolithophores in culture are spontaneous and short-lived processes and hence difficult to observe. Nevertheless, certain stages 
All specimens are from the cultures except (h) which is from a plankton sample from the W. Mediterranean; the holococcoliths produced in culture by C. mediterranea are not well-formed (i), but are definitively comparable with those of 'Z. hellenica' (see also Geisen et al., 2002) .
of the phase changes in both directions (heterococcolith-to holococcolith-bearing stage and vice versa) have been observed in Coccolithus pelagicus, as well as the heterococcolithto holococcolith-bearing phase change in Coronosphaera mediterranea.
The fusion of two holococcolith-bearing cells of Coccolithus pelagicus was observed on only one occasion (Figs 4e-h) . Fusion of the two cells had already commenced when the pair was first observed (Fig. 4e) . The fusing cells were of similar size and one of the pair retained the flagella during the fusion process. The complete fusion of the two cells was completed in less than 10 minutes, the resultant non-motile zygote retaining a complete cover of holococcoliths formed by the fusion of the coccospheres of the gametes (Fig. 4g) . The cell had died within approximately 30 minutes on the microscope slide, by which time a single heterococcolith had been formed within the cell (Fig. 4h, arrow) . Figure 4i illustrates a heterococcolith-bearing cell formed by the fusion of two holococcolith-bearing cells within an envelope which still contains two holococcolith-bearing cells. Such packets of two to four holococcolith-bearing cells surrounded by a common envelope are frequently observed in cultures of the holococcolithbearing phase of C. pelagicus. In Coccolithus pelagicus, the first outward sign that a non-motile heterococcolith-bearing cell is changing phase is the emergence of two flagella and a haptonema (Fig. 4j) . Such cells are readily identified as they swim erratically among the remaining non-motile cells, often turning in tight circles and generally remaining near the bottom of the culture flask. Subsequently, the heterococcoliths are gradually shed as the cells swim (Fig. 4k) , or more rarely the coccosphere of heterococcoliths breaks open to release the motile cell. At this stage the motile cell possesses neither holococcoliths nor the 'envelope' characteristic of the holococcolithophore stage of this species (Manton & Leedale, 1963; Rowson et al., 1986) . Individual cells remain viable for only a limited period of time on microscope slides and hence we were not able to observe exactly when the envelope and the holococcolith investment were formed, but the liberated flagellate cell apparently remains without a coccolith cover until at least after the first division (Fig. 4l ). Motile cells with fully formed holococcospheres were observed in the mixed phase cultures within 2 days of initiation of the phase change. In the exclusively flagellate species Coronosphaera mediterranea the diploid to haploid phase change in culture involved the formation of several (between four and eight) holococcolith-bearing cells within a distended heterococcosphere (Figs 4o-q) . Despite each haploid daughter cell possessing flagella, these large agglomerations of cells were observed to have much reduced motility and were always observed near the bottom of the culture vessel.
Body scale ornamentation in Coccolithus pelagicus
The purity of cultures of each phase of Coccolithus pelagicus was carefully verified under the light microscope before preparing grids for observation of the body scales. In the heterococcolith-bearing phase, the scales are rimless and more or less circular in shape (1.8 µm in diameter). A different pattern was observed on either side of the scales; the proximal face has radiating microfibrils arranged in quadrants, the distal face exhibits microfibrils forming dense irregular concentric rings (Fig. 4m) . In many cases, however, the microfibrils of the distal face form an incomplete layer, revealing the more regular underlying radial microfibrils of the proximal face. The scales of the holococcolith-bearing phase are of two sizes, both rimless. The larger scales (Fig. 4n) are elliptical (2.0 × 1.3 µm), the smaller scales (not illustrated) circular to elliptical (0.8 × 0.5 µm). Both sizes of scale exhibit the usual haptophyte haploid cell patterning with radiating microfibrils in quadrants on the proximal side and dense irregular concentric rings on the distal face.
Discussion
In the life cycles of all four coccolithophore species analysed by flow cytometry in this study there are clearly two levels of ploidy, the heterococcolith-bearing phase being diploid relative to the haploid alternate phase. These data confirm the results of Green et al. (1996) concerning the haplo-diploid nature of the Emiliania huxleyi life cycle, and provide the first direct evidence to confirm the hypothesis of Billard (1994) that holococcoliths and heterococcoliths are produced on the alternate phases of a haplo-diploid life cycle, and so are indicative of ploidy level. This is a remarkable fact given the important differences in calcification mode between these two phases (see Young et al., 1999 , for a synthesis of recent advances in understanding of coccolith ultrastructure and biomineralization processes).
The lowest DNA level obtained by flow cytometry for each species (1N) is interpreted as corresponding to haploid cells in the G1 stage of the cell cycle in the holococcolithbearing/non-calcifying phase, and the highest (4N) represents diploid (heterococcolith bearing) cells in the G2+M stage.
Both life cycle phases gave a 2N peak interpreted as representing haploid cells in the G2+M stage in the holococcolithbearing/non-calcifying phase cultures (minor peaks), or diploid cells in the G1 phase in heterococcolith-bearing phase cultures.
The presence of two distinct cycles 1N/2N and 2N/4N in the same species is strongly indicative of sexual reproduction within the life cycle. Since other processes, albeit rarely reported in algae, which do not involve sexual reproduction can account for differing ploidy levels, an example of which is DNA diploidization without fertilization which has been suggested to occur in the Raphidophyceae (Yamaguchi & Imai, 1994) , direct observation of sexual events are required to finally confirm this hypothesis. Our observations on Coccolithus pelagicus and Coronosphaera mediterranea go some way to providing this evidence.
The process of fusion of Coccolithus pelagicus gametes described here is similar to that reported for Pleurochrysis pseudoroscoffensis by Gayral & Fresnel (1983) . From this limited evidence, it appears that in coccolithophores fusing gametes are isogamous and are morphologically indistinguishable from vegetative haploid cells, and that fusion can occur within a clone (homothallism). Certain dinoflagellate species have been shown to exhibit a multiple mating-type system, in which both homothallism and heterothallism (differentiation of gamete recognition factors) can occur, the latter considered to be the dominant process in the production of fertile hypnozygotes under natural conditions (Anderson et al., 1984; Destombe & Cembella, 1990 ). To our knowledge, crossing experiments between haploid coccolithophore strains have never been attempted. In coccolithophores, the mode of initial gamete attraction and contact is not known, but once initiated, syngamy can clearly be completed within a very short period of time. The rapid initiation of heterococcolith production in the zygote observed in C. pelagicus in this study and reported for P. pseudoroscoffensis by Gayral & Fresnel (1983) indicates that the two haploid nuclei must fuse immediately following cytoplasmic fusion. In P. pseudoroscoffensis a complete heterococcosphere was formed within 24 hours of the onset of fusion (Gayral & Fresnel, 1983) .
Elucidation of the exact mode and timing of meiosis requires fine scale observations of the nucleus, but from our light microscope observations, together with those on Pleurochrysis pseudoroscoffensis by Gayral & Fresnel (1983) , certain general inferences can be made about the meiotic process in coccolithophore life cycles. In Coccolithus pelagicus, meiosis may have occurred within the heterococcosphere prior to production of the flagellar apparatus and subsequent liberation of the motile cell. Since only one viable cell emerges this would imply the redundancy of the other haploid nuclei formed by the meiotic divisions. Meiosis in the chlorophyte Spirogyra (Harada & Yamagishi, 1984 ) is one of the best known examples of this pattern. Alternatively, the motile cell which emerges from the heterococcosphere may be still diploid, with nuclear reduction occurring in subsequent divisions. The observation that holococcolith production does not commence immediately after formation of the flagellar apparatus may be interpreted as providing support for this second hypothesis. In this respect it is noteworthy that, as yet, there are no definite observations of combination coccospheres showing the phase change from the heterococcolith-bearing to the holococcolith-bearing phase in either the Coccolithaceae or the Calcidiscaceae, despite several documented examples of the phase change in the opposite direction (see Geisen et al., 2002 for a synthesis of these observations). Details of the transformation from the diploid to the haploid phase evidently vary between coccolithophores. In Coronosphaera mediterranea, on several occasions we observed between four and eight flagellated and holococcolith-covered daughter cells within one giant heterococcosphere. The possibility that these packets of cells are an artefact of culture conditions cannot be ruled out, contact with the bottom of the culture vessel perhaps preventing the haploid cells from escaping the heterococcosphere after meiosis. Of the three reports of combination coccospheres of this species, two are clearly transitions from the haploid to the diploid phase (Kamptner, 1941; Cros et al., 2000) and the direction of the third (Cortés & Bollmann, 2002 ) is ambiguous. To our knowledge, giant cells of the heterococcolith-bearing phase of this species have never been reported in nature. In the life cycle of P. pseudoroscoffensis, four non-calcified motile haploid cells are formed within a heterococcosphere and following release these cells remain motile for a short time before settling and dividing asexually to initiate the haploid non-calcified pseudofilamentous stage (Gayral & Fresnel, 1983) . Comparable 'meiospores' are formed in the life cycles of other members of the Pleurochrysidaceae (von Stosch, 1967; Leadbeater, 1971 ) and the Hymenomonadaceae (Fresnel, 1994) . As more reports on sexual processes in coccolithophores become available it will be interesting to determine whether phylogenetic trends will be confirmed and/or whether any relationship can be identified between the exact mode of phase switches and the ecology of the species (i.e. littoral/ coastal/oceanic habitats).
Studies on the mechanisms of sexual reproduction in coccolithophores are currently restricted, however, by the limited number of cultures available and, moreover, by the lack of clear indications as to the factor(s) responsible for the induction of life cycle phase changes in this group. A number of reports suggest that in the Pleurochrysidaceae factors such as temperature and light (Leadbeater, 1970 ) and the addition of fresh medium (Inouye & Chihara, 1979; Gayral & Fresnel, 1983) may influence phase changes. Laguna et al. (2001) suggested that phase changes in Emiliania huxleyi could be induced by agar-plating (changing the viscosity of the medium). However, these authors do not provide reliable cytological evidence for the presence of S-cells (their figure 1B, for example, clearly resembles bacterial contaminants), and we therefore feel that these results should be considered with caution pending independent authentification. Following isolation, our cultures were routinely maintained with regular sub-culturing under identical conditions of temperature, light (both irradiance level and photoperiod), and culture medium supplements. In each of our cultures, the initial phase change (from the diploid to the haploid phase) occurred seemingly spontaneously after a variable period of time (between 3 and 9 months after isolation) under these identical culture conditions. It is noteworthy, however, that in each case this initial phase change occurred in the spring of the first year following isolation of the cultures (bearing in mind that Emiliania huxleyi strain TQ26, isolated from a sample collected off the coast of New Zealand, first changed phase in August 1999, i.e. austral spring). The culture medium employed in routine culture maintenance was based on filter-sterilized local seawater, batches of which were collected approximately every 3 months. Seasonal variability in the concentrations of inorganic or organic trace elements in the medium may have played a role in phase change induction. Alternatively, it can be hypothesized that a biological clock may be involved in this process. As in many other living organisms, endogenous circannual rhythms have been found to control growth and/or reproduction in several macroalgal species (e.g. Lüning & Kadel, 1993 ) and a few microalgae (Costas & Varela, 1989; Costas & Lopez-Rodas, 1991) . In many cases such rhythms have been shown to 'free-run', i.e. to be maintained for some time following initial exposure to controlled environmental conditions. Endogenous regulation of the timing of life cycle events may serve to limit energetically costly phase switches which might occur in response to temporarily aseasonal environmental conditions. Information on the environmental factor(s) which cause phase transitions in coccolithophores is essential for understanding the overall ecology of this group, but the possible involvement of a biological clock in this process would obviously complicate efforts to define such factors in laboratory cultures. The evidence presented here remains anecdotal, and it should be noted that for three of the experimental species (E. huxleyi, Calcidiscus leptoporus and Coccolithus pelagicus) multiple strains are maintained in the CODENET culture collection, and although in each case more than one strain has changed phase, always in spring, the majority of cultures have remained in the phase in which they were originally isolated.
The haplo-diploid holococcolithophore-heterococcolithophore life cycles demonstrated here fall in three families: the Coccolithaceae (Coccolithus pelagicus), the Calcidiscaceae (Calcidiscus leptoporus) and the Syracosphaeraceae (Coronosphaera mediterranea). The coccoliths of the Coccolithaceae and Calcidiscaceae are structurally similar and biostratigraphic analyses suggest that they share a relatively recent ancestor (in the early Palaeogene, c. 50 Ma); indeed these taxa were only recently separated at the family level (Young & Bown, 1997) . However, these two families are relatively distantly related to the Syracosphaeraceae, divergence of these two lineages having probably occurred soon after the origin of the coccolithophores (in the Jurassic, >150 Ma, Young et al., 1999) . Accepting the assumption that complex biomineralization modes such as those responsible for the production of both heterococcoliths and holococcoliths are overwhelmingly likely each to have been the result of a single evolutionary event (Young et al., 1999) , our results thus provide strong support for the prediction that all holococcolithophoreheterococcolithophore life cycles are haplo-diploid in nature. Billard (1994) made this prediction based on patterns of body scale ornamentation, but pointed out that certain exceptions to the scheme exist, notably species which lack body scales in the heterococcolith-bearing phase such as Emiliania huxleyi Figure 5 Taxa for which haplo-diploid life cycles have been demonstrated in culture or for which indirect evidence is available from combination coccospheres (marked with asterisk) plotted within a schematic composite tree of haptophyte relationships. Shaded symbols indicate phases which produce coccoliths. Although haplo-diploid life cycles have been demonstrated from only a few per cent of the species of haptophytes it is clear from the phylogenetic distribution that this is the primitive state across the Prymnesiophyceae. NB. Molecular genetic data on haptophytes is being actively compiled but studies to date (Edvardsen et al., 2000; Fujiwara et al., 2001 , Sáez et al., 2003 Sáez et al., in press ) show a high degree of congruence between analyses based on different genes (18S, Rubisco, tufA) and between molecular and conventional taxonomy. So for the higher taxa which have been sampled a composite tree synthesizing the common aspects of the trees in these studies can be drawn. The relationships of the four orders included within the coccolithophore clade are unclear so these are represented by an unresolved polytomy. Various genera and families incertae sedis (e.g. Papposphaeraceae, Umbellosphaera) are not shown since there are no molecular data available. The classification follows Young & Bown (1997) and Edvardsen et al. (2000) . (Klaveness, 1973) and Umbilicosphaera sibogae var. foliosa (Kamptner) Okada & McIntyre (Inouye & Pienaar, 1984) . In addition, the body scales of the (presumably diploid) heterococcolithophore Cruciplacolithus neohelis (McIntyre & Bé) Reinhardt were shown by Fresnel (1986) to have different patterns on the distal and proximal faces (i.e. to show the pattern characteristic of haploid phases). Fresnel (1986) considered that Manton & Leedale (1969) had misinterpreted their images and had, in fact, illustrated a body scale ornamentation in the diploid phase of C. pelagicus identical to the seemingly anomalous pattern she had observed for C. neohelis. Our new observations confirm this, but the difficulties which may arise in interpreting scale patterning are highlighted by the observation of an apparently typical diploid phase ornamentation in C. pelagicus heterococcolith-bearing phase body scales in which the distal face of the scale is incompletely formed. The heterococcolith-bearing phases of both of these closely related members of the Coccolithaceae thus exhibit a pattern which does not fit the general scheme for haptophytes. Despite the morphology of coccolithophore body scales clearly showing a degree of evolutionary plasticity, we maintain that the working hypothesis of Billard (1994) that body scale ornamentation can be a useful indicator of ploidy state still holds true for the majority of haptophytes. Furthermore, the results of this study suggest that coccolith type may be a more accurate indicator of ploidy level in the coccolithophores (heterococcoliths = diploid phase, holococcoliths = haploid phase). As a proviso to this hypothesis, however, it must be stressed that Green et al. (1996) observed two clones of apparently diploid E. huxleyi S-cells (the scale-bearing, normally haploid, phase). In the non-calcifying haptophyte Prymnesium parvum Carter, Larsen & Edvardsen (1998) also reported a diploid stage in the life cycle with body scale ornamentation typical of the haploid phase. At present there is no evidence of such apparent anomalies in life cycles involving holococcolithophores. The distribution of the haplo-diploid holococcolithheterococcolith life cycles demonstrated here is plotted on a schematic composite tree of haptophyte relationships in Fig. 5 . Of the three families for which haplo-diploid life cycles in which the heterococcolith-bearing phase alternates with a non-calcifying stage have been demonstrated, the Pleurochrysidaceae and Hymenomonadaceae are indisputable sister taxa within the order Coccolithales, both separated by a considerable evolutionary distance from the Noelaerhabdaceae (Fig. 5) . The Isochrysidales (Noelaerhabdaceae and Isochrysidaceae) diverged early in the evolutionary history of the coccolithophores, most likely before the advent of holococcolith biomineralization in the haploid phase (species in the Isochrysidaceae have evidently secondarily lost the ability to produce heterococcoliths). By contrast, the Pleurochrysidaceae and Hymenomonadaceae are relatively recently evolved families which have secondarily lost holococcolith production in the haploid phase. The majority of higher taxonomic level coccolithophore taxa are represented in Fig. 5 and there is thus very strong support for the conclusion that haplodiploid life cycles are the autapomorphic state for the coccolithophores as a whole.
Alternation between generations of different ploidy levels are known to occur in certain members of each of the other two main clades within the Prymnesiophyceae defined by Edvardsen et al. (2000) . In the Phaeocystales (clade A of Edvardsen et al., 2000) , Vaulot et al. (1994) identified an alternation between motile haploid flagellated cells, a non-motile diploid colonial stage and diploid flagellated cells in Phaeocystis. In clade B, which contains, among others, species of the genera Prymnesium and Chrysochromulina, Prymnesium parvum has been shown to be the diploid stage in a life cycle in which the haploid stage was originally described as a separate species, P. patelliferum Green, Hibberd & Pienaar (Larsen & Edvardsen, 1998) and Chrysochromulina polylepis has also been demonstrated to have a haplo-diploid cycle (Edvardsen & Vaulot, 1996) .
Alternation of generations has, as yet, not been demonstrated in any members of the other haptophyte class, the Pavlovophyceae (Cavalier-Smith) Green & Medlin. The species within this distinctive clade do not possess the ornamented plate scales which have often proved indicative of ploidy state in the Prymnesiophyceae, and given the fact that different ploidy stages in many non-calcified members of the latter class can only be morphologically distinguished by this character, it is perhaps not surprising that the potential existence of haplo-diploid life cycles in the Pavlovophyceae has not been recognized. Transitions from non-motile to motile cells are common in the Pavlovophyceae (Billard, 1994) , but to our knowledge comparative nuclear studies have never been conducted. Relative motility is not often a good indicator of ploidy state, but it must also be remembered that haplo-diploid life cycles can be isomorphic. We predict that haplo-diploidy will eventually be discovered in the Pavlovophyceae.
In ecological terms, a haplo-diploid life cycle is generally considered as an adaptation to an environment which is seasonally variable or that contains two different niches (see review by Valéro et al., 1992) . The maintenance of different life cycle stages of coccolithophores in culture will allow laboratory experimentation to assess the ecological significance of haplo-diploidy in this important group of planktonic marine algae. We also note that the existence of different calcification modes in the haploid and diploid phases of coccolithophores provides unique possibilities for functional genomic studies of biomineralization.
